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Abstract
Ternary thermochromic TixV1-xO thin films were successfully fabricated by sol-gel precursor based on vanadium acetylacetonate, 
titanium butoxide, absolute ethanol and deionized water. All films were deposited by spin coating technique and post-annealed at
500 °C for 2 hr. The effect of titanium consolidation on the structural, surface morphology and optical properties of these films
were investigated by X-ray diffraction (XRD), Atomic force spectroscopy (AFM) and UV-VIS spectroscopy, respectively. The 
XRD patterns evidently reflect peak orientation planes of vanadium oxide. The surface morphology and surface roughness of the 
films changed with increased titanium concentration seen in AFM profiles. The optical band gap of the film is increased when 
titanium composition increases. The certain content of titanium significantly affects the film thermochromic properties.  
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Over decades, vanadium oxide has been extensively studied due to its attractive properties. It is a widely used in 
various kinds of applications such catalyst in a variety of chemical reactions and electrochromic material. Vanadium 
oxide typically undergoes an abrupt semiconductor-metal transition associated with a significant change in optical 
and electrical properties when it exceeds a critical temperature TC. Vanadium dioxide (VO2) has an abrupt 
semiconductor-to-metal transition near 68qC, transforming from a monoclinic to a tetragonal structure, and 
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accompanied by dramatic changes in electrical and optical properties [1]. At this transition, the transmittance of 
near-infrared radiation is drastically reduced. This interesting phenomena can be applied for the practical thermally-
controlled smart windows. Many efforts have been proposed in order to enhance its over-all properties. 
One of the most effective techniques to achieve the improvement can be done by alloying and doping VO2 with 
suitable metal elements. It was reported that the dielectric constant of VO2 can be altered specifically in the real part 
of the constant when it was doped by tungsten [2]. Titatium (Ti) is also potential dopant that can be used to reduce 
TC of VO2. TiO2 was also recognized as the appropriate material as self-cleaning and excellent photocatalyst [3], [4]. 
Therefore, it is conceived that the alloyed material of TiO2 and VO2 with the enhancement in its multifunctional 
properties is expected to appear.
In this paper, the deposition of the TixV1-xO (TVO) thin film based on sol-gel spin coating technique is 
presented. As-prepared film structural properties were investigated by X-ray diffraction. Its optical properties were 
scrutinized by conventional UV-VIS spectroscopy in transmission mode. Its thermochromic switching was also 
reported.
2. Experiment 
Titanium n-botoxide (97%), Ethanol (99.9%) and Nitric Acid (70%) were used as obtained for titanium dioxide 
preparation. Vanadyl acetylacetonate(97%) with certain amount to obtain designated concentration was dissolved in 
ethanol and deionized water. The precursor solution was vigorously mixed and stirred at room temperature for 24 hr. 
The films were obtained by deposited the precursor on pre-cleaned glass substrate by spin coating at 1000 rpm for 
10s and then baked at 80qC for 3 min. The coating procedure was repeated for several times. Finally, as-deposited 
films were annealed at 500qC for 2 hr in vacuum oven. The structural properties of as-obtained films were 
characterized by XRD (Rigaku Mini Flex). The Optical properties of the films were investigated using UV-Vis 
spectrophotometer (Thermo Electron Corporation HeliosD). Its thermochromic and thermal-controlled optical 
switching measurement were set up. Light from tungsten lamp was dispersed by a monochromator and focused on 
the film sample situated in the chamber in which its temperature was controlled. The transmitted optical signal was 
detected by biased Si-detector. The corresponding experimental set up is schematically drawn in Fig. 1. 
Fig. 1  Schematic diagram of thermochromic measurement set up 
3. Results and Discussion 
Fig. 2 illustrated XRD patterns of  TVO films fabricated by spin coating on glass substrate with different 
titanium concentration and annealed at 500°C for 2 hours. A broad XRD pattern of all samples in low 2ș region 
ranging from 20° to 40° is typical diffraction pattern of glass substrate. The distinguishable peak located at 2ș = 
38.0° corresponded to monoclinic orientation plane (200) of vanadium dioxide(VO2)[5]. The position of this peak 
exhibits insignificant change when Ti is added into the VO2. This behavior may be associated to the good Ti ion 
substitution of V ion sites. However, for the film with x=0.2, its corresponding characteristic peak was deteriorated. 
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This behavior may be due to the dopant-induced decrystallization mechanism which was supported by previous 
work conducted by X. Lou and his colleague [6]. 
Fig. 2 XRD patterns of TixV1-xO films were deposited by spin coating technique and annealed at 500°C for 2 hours 
with different titanium content; x=0, 0.2. 
Fig. 3  AFM images of TVO films were deposited by spin coating technique and annealed at 400°C for 2 hours with 
different titanium content (a) x = 0 and (b) x = 0.2. 
The surface morphological of TVO films with various titanium composition; x=0 and 0.2 is shown in Fig. 2(a) 
and (b), respectively. Evaluating from AFM images, their average roughness values of pure-vanadium oxide and 
20% titanium-doped is approximately 60 and 30 nm respectively.   From both AFM images, it can be clearly 
observed that the crystallite structure of the TVO film with x=0 (Fig. 2(a)) is much better than that of the film with 
x=0.2 (Fig. 2(a)). These results are agreeable to the results interpreted from XRD patterns.  
Fig. 4 shows the transmittance spectra of TVO films with various x. Comparing to pre-annealed film, the post-
annealed films exhibit relatively sharp and well-defined transmission spectra in visible range. This feature implies 
that the crystalline TVO thin films can be obtained after annealing process. In addition, the results suggest that the 
films have indirect and direct optical band gap for x = 0 and 0.2, respectively. The absorption edge of the films has 
significant blue shift with increased titanium content. This result indicates that VO2 film can be more transparent by 
the association of Ti into the film. The optical band gap of films can be determined from relationship between 
absorption coefficient and photon energy expressed as following equation, 
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where Į is absorption coefficient correspond as a function of frequency Ȟ, A is a constant, hv is the photon 
energy, Eg is the optical band gap energy and n is the factor depend on the optical transition. In the case of direct 
band gap transition n = 1/2 and 3/2 for forbidden transition. The optical band gap of the sample was calculated and 
found to be about 2.50 and 3.32 eV for x = 0 and 0.2[7], respectively.  
Fig. 4 The transmittance spectra of pre-annealed TVO films deposited by spin coating and  annealed at 500°C for 2 
hr with different titanium content. 
Fig. 5 Thermochromic properties of TVO films at 60°C 
Thermochromic properties of the films were measured at 60°C. Light from a tungsten lamp was dispersed 
ranging from 700-800 nm as shown in Fig. 5. The results revealed that the intensity of the film was decreased when 
titanium content increases implying the improvement of infrared reflection at intermediate temperature. This feature 
had the similarity to previous work reported by J. Du and his group[8]. This result suggests that alloying VO2 with 
certain amount of Ti can lead to the enhancement of thermochromic properties of the film. Besides, further studies 
are still explored, especially the thermal dependent optical properties of this alloy films, so that the feasibility of 
practical applications for thermal-controlled optical devices can be achieved.
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4. Conclusion 
In summary, this work reports on the preparation of TixV1-xO thin films using sol-gel spin coating and annealing 
technique. Its XRD and AFM results revealed that as-prepared films had  monoclinic structure and its crystallinity 
was deterred by Ti addition to the film. After annealing, The alloy films had well-defined oxide semiconductor 
characteristic with corresponding optical band gap of 2.50 and 3.32 eV for x = 0 and 0.2 respectively indicating that 
Ti dopant can shift its band gap to the shorter wavelength and enhance its transperancy. The thermochromic 
property in near infrared about 700-800 nm was also enhanced when vanadium oxide film were doped by titanium.  
The thermal dependence of the films suggests to the potential applications as the thermal-controlled optical devices.   
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